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ABSTRACT
We present results on the variation of 7.7µm Polycyclic Aromatic Hydrocarbon (PAH) emission in
galaxies spanning a wide range in metallicity at z ∼ 2. For this analysis, we use rest-frame optical
spectra of 476 galaxies at 1.37 ≤ z ≤ 2.61 from the MOSFIRE Deep Evolution Field (MOSDEF)
survey to infer metallicities and ionization states. Spitzer/MIPS 24µm and Herschel/PACS 100 and
160µm observations are used to derive rest-frame 7.7µm luminosities (L7.7) and total IR luminosities
(LIR), respectively. We find significant trends between the ratio of L7.7 to LIR (and to dust-corrected
SFR) and both metallicity and [OIII]/[OII] (O32) emission-line ratio. The latter is an empirical proxy
for the ionization parameter. These trends indicate a paucity of PAH emission in low metallicity
environments with harder and more intense radiation fields. Additionally, L7.7/LIR is significantly
lower in the youngest quartile of our sample (ages of . 500 Myr) compared to older galaxies, which
may be a result of the delayed production of PAHs by AGB stars. The relative strength of L7.7 to
LIR is also lower by a factor of ∼ 2 for galaxies with masses M∗ < 1010M, compared to the more
massive ones. We demonstrate that commonly-used conversions of L7.7 (or 24µm flux density; f24)
to LIR underestimate the IR luminosity by more than a factor of 2 at M∗ ∼ 109.6−10.0 M. We
adopt a mass-dependent conversion of L7.7 to LIR with L7.7/LIR= 0.09 and 0.22 for M∗ ≤ 1010 and
> 1010 M, respectively. Based on the new scaling, the SFR-M∗ relation has a shallower slope than
previously derived. Our results also suggest a higher IR luminosity density at z ∼ 2 than previously
measured, corresponding to a ∼ 30% increase in the SFR density.
Keywords: galaxies: general — galaxies: high-redshift — galaxies: star formation — infrared: galaxies
— ISM: molecules
1. INTRODUCTION
Emission from single-photon, stochastically-heated
Polycyclic Aromatic Hydrocarbon (PAH) molecules
dominates the mid-infrared (mid-IR) spectra of star-
forming galaxies. The origin and properties of these
molecules have been the subject of many studies in the
literature, most of which have focused on local galaxies
(Tielens 2008, and references therin).
It is crucial to fully understand how PAH emission de-
pends on the physical conditions of the interstellar me-
dia (ISM) as the PAH emission contribution to total IR
emission of galaxy may vary significantly from ∼ 1 to
20% in different environments (Smith et al. 2007; Dale
et al. 2009, among many others). There is evidence that
PAHs are less abundant in metal-poor environments in
the local universe (e.g., Normand et al. 1995; Calzetti
et al. 2007; Draine et al. 2007b; Smith et al. 2007; Engel-
bracht et al. 2005; Hunt et al. 2010; Cook et al. 2014).
The physical explanation of this observation is a subject
of much debate – whether the decrease in the PAH emis-
sion at low metallicity is directly driven by metallicity
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or some other property of such environments is still un-
known. The most favored explanation is destruction of
PAH molecules by hard UV radiation in low-metallicity
environments due to reduced shielding by dust grains
(e.g., Voit 1992; Madden et al. 2006; Hunt et al. 2010;
Sales et al. 2010; Khramtsova et al. 2013; Magdis et al.
2013). Other possibilities have also been discussed in the
literature: that small PAH carriers are destroyed in low-
metallicity environments through sputtering (Hunt et al.
2011, and references therein), that PAH formation and
destruction mechanisms depend on dust masses, which
in turn correlate with metallicity (Seok et al. 2014); and
that the PAH-metallicity trend is a consequence of the
PAH-age correlation (Galliano et al. 2008). The latter
scenario is offered based on the assumption that the con-
tribution of AGB stars – as the purported primary origin
of PAH molecules – to ISM chemical enrichment increases
with age.
The PAH emission features span from 3µm to 17µm,
with the one at 7.7µm being the strongest (contribut-
ing ∼ 40–50% of the total PAH luminosity; Tielens 2008;
Hunt et al. 2010). At z ∼ 2, the 24µm filter of the
Spitzer/MIPS instrument traces this feature. Due to
the high sensitivity of MIPS, many high-redshift studies
adopt the 24µm flux as an indicator of total IR lumi-
nosity (L(8 − 1000µm) ≡ LIR) and star-formation rate
(SFRs; e.g., Chary & Elbaz 2001; Reddy et al. 2006a;
Daddi et al. 2007a; Wuyts et al. 2008; Reddy et al. 2010;
Shivaei et al. 2015a). However, the metallicity and ion-
ization state dependence of the PAH-to-LIR ratio of dis-
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2tant galaxies have not been studied in detail. In high-
redshift studies, a single conversion from 24µm flux (or
rest-8µm luminosity) to LIR is typically assumed for
galaxies with a range of different metallicities and stellar
masses (e.g., Wuyts et al. 2008, 2011a; Elbaz et al. 2011;
Reddy et al. 2012b; Whitaker et al. 2014b). Possible
variations of the relative strength of PAH emission to LIR
with metallicity (and as a consequence with stellar mass)
can potentially alter the results of studies that rely on
24µm flux to infer LIR or SFR – for example, those that
investigate dust attenuation parameterized by LIR/LUV
(e.g., Reddy et al. 2012b; Whitaker et al. 2014b), or those
that utilize bolometric SFRs (i.e., SFRIR+SFRUV) to ex-
plore relations such as the SFR-M∗ relation (e.g., Daddi
et al. 2007a; Wuyts et al. 2011b; Fumagalli et al. 2014;
Tomczak et al. 2016).
With the large and representative dataset of the MOS-
FIRE Deep Evolution Field (MOSDEF) survey (Kriek
et al. 2015), we are in a unique position to investigate,
for the first time, the dependence of PAH intensity (de-
fined as the ratio of 7.7µm luminosity to SFR or LIR) on
the ISM properties of high-redshift galaxies. The MOS-
DEF survey provides us with near-IR spectra of galaxies
at 1.37 ≤ z ≤ 2.61, from which we calculate spectro-
scopic redshifts and estimate gas-phase metallicities and
ionization states. We use mid- and far-IR photometric
data from Spitzer/MIPS 24µm and Herschel/PACS 100
and 160µm to measure PAH emission and total IR lu-
minosities, respectively.
Our study includes galaxies over a broad range of
stellar masses (M∗ ∼ 109 − 1011.5 M), SFRs (∼ 1 −
200 M yr−1), and metallicities (∼ 0.2 − 1Z). Ulti-
mately, we quantify how the conversions between rest-
frame 7.7µm and both SFR and LIR depend on metal-
licity and stellar mass. These scaling relations are im-
portant for deriving unbiased estimates of total IR lumi-
nosities and obscured SFRs based on observations of the
PAH emission in distant galaxies – such observations will
be possible for larger numbers of high-redshift galaxies
with JWST/MIRI (Shipley et al. 2016).
The outline of this paper is as follows. In Section 2,
we introduce the MOSDEF survey and describe our mea-
surements including line fluxes, stellar masses, SFRs, IR
photometry, and the IR stacking method. In Section 3,
we constrain the dependence of L7.7/SFR and L7.7/LIR
on metallicity and ionization state. The PAH intensity
as a function of age is explored in Section 4. Implica-
tions of our results for the studies of the SFR-M∗ rela-
tion and the IR luminosity density at z ∼ 2 are discussed
in Section 5. In Section 6, we briefly discuss the possible
physical mechanisms driving the PAH-metallicity corre-
lation. Finally, the results are summarized in Section 7.
Throughout this paper, line wavelengths are in vacuum
and we assume a Chabrier (2003) initial mass function
(IMF). A cosmology with H0 = 70 km s
−1 Mpc−1,ΩΛ =
0.7,Ωm = 0.3 is adopted.
2. DATA
2.1. The MOSDEF Survey
During the MOSDEF survey, we obtained rest-frame
optical spectra of ∼ 1500 galaxies with the MOSFIRE
spectrograph on the Keck I telescope (McLean et al.
2012). The parent sample was selected based on H-band
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Figure 1. The Spitzer/MIPS 24µm filter (black dashed line) su-
perimposed on the observed mid-IR spectrum of a galaxy at z = 1.5
(yellow), z = 2 (light red), and z = 2.5 (dark red). The mid-IR
spectrum is adopted from Rieke et al. (2009) for a galaxy with LIR
= 1011L.
magnitude in three redshift ranges: z = 1.37 − 1.70,
2.09 − 2.61, and 2.95 − 3.80, down to H = 24.0, 24.5,
and 25.0 mag, respectively. These redshift ranges were
adopted to ensure coverage of the strong optical emis-
sion lines ([OII], [OIII], Hβ, Hα) in the JHK bands. The
MOSDEF survey was conducted in the five CANDELS
fields: AEGIS, COSMOS, GOODS-N, GOODS-S, and
UDS (Grogin et al. 2011; Koekemoer et al. 2011). These
fields are also covered by the HST/WFC3 grism observa-
tions of the 3D-HST survey (Skelton et al. 2014; Mom-
cheva et al. 2016). The details of the MOSDEF survey,
observing strategy, and data reduction are reported in
Kriek et al. (2015).
We limit our study to the first two redshift bins (1.37 ≤
z ≤ 1.70 and 2.09 ≤ z ≤ 2.61), where the MIPS 24µm fil-
ter covers the rest-frame 7.7µm PAH feature (Figure 1).
Objects with active galactic nucleus (AGN) contamina-
tion are removed from our study, based on their X-ray
emission, IRAC colors (using the Donley et al. 2012 cri-
teria), and/or [NII]/Hα line ratios ([NII]/Hα > 0.5; Coil
et al. 2015; Azadi et al. 2016).
2.2. Emission Line Measurements
Emission line fluxes were estimated by fitting Gaus-
sian functions to the line profiles. Uncertainties in the
line fluxes were derived by perturbing the spectrum of
each object according to its error spectrum and measur-
ing the line fluxes in these perturbed spectra (see Kriek
et al. 2015; Reddy et al. 2015). The Hα line and [NII]
doublet were fit with three Gaussian functions and the
[OII] doublet was fit with two Gaussians. To account for
the loss of flux outside of the spectroscopic slits, correc-
tions were applied by normalizing the spectrum of a slit
star in each observing mask to match the 3D-HST total
photometric flux (Skelton et al. 2014). Additionally, we
used the HST images of our resolved galaxy targets to
estimate and correct for differential flux loss relative to
that of the slit star (Kriek et al. 2015). Hα and Hβ fluxes
were further corrected for underlying Balmer absorption
as determined from the best-fit stellar population models
to the broadband photometry (Section 2.3).
3We use the [NII]λ6585/Hα (N2) and
([OIII]λ5008/Hβ)/([NII]λ6585/Hα) (O3N2) indicators
to derive gas-phase oxygen abundances (metallicities)
based on the empirical calibrations of Pettini & Pagel
(2004) (see Sanders et al. 2015; Shapley et al. 2015).
As both N2 and O3N2 indicators include ratios of
emission lines that are close in wavelength space, no
dust correction is applied. Although there are concerns
regarding biases in the metallicity indicators that use
nitrogen (Shapley et al. 2015; Sanders et al. 2016a),
the N2 and O3N2 indicators still distinguish the lower-
and higher-metallicity galaxies, which is sufficient for
the purpose of this study. Furthermore, we use the
[OIII]λλ4960, 5008/[OII]λλ3727, 3730 ratio (O32) as a
proxy for ionization parameter. As [OIII]λ5008 has
a higher signal-to-noise (S/N) than [OIII]λ4960, we
assume a fixed [OIII]λ5008/[OIII]λ4960 line ratio of
2.98 (Storey & Zeippen 2000) to calculate the sum of
[OIII]λ5008 and [OIII]λ4960. We correct [OIII] and
[OII] lines for dust extinction by using the Balmer
decrement (Hα/Hβ) and assuming the Cardelli et al.
(1989) extinction curve (Reddy et al. 2015; Shivaei et al.
2015b). Where necessary, we calculate O32 gas-phase
metallicity based on the calibrations of Jones et al. 2015.
2.3. Stellar Masses, Ages, and SFRs
Stellar masses and ages are derived by fitting rest-UV
to near-IR photometry from 3D-HST (Skelton et al. 2014;
Momcheva et al. 2016) with Bruzual & Charlot (2003)
models through a minimum χ2 method. The photome-
try is corrected for emission line contamination according
to the MOSDEF spectra. For the SED fitting we assume
a solar metallicity, a Chabrier (2003) IMF, and an ex-
ponentially rising star-formation history (Reddy et al.
2015). The latter is assumed because it has been shown
that rising star formation histories best reproduce the
observed SFRs at z ∼ 2 (e.g., Wuyts et al. 2011a; Reddy
et al. 2012b). As described in Reddy et al. (2012b), ages
that are inferred from exponentially rising star formation
histories are ambiguous and often larger than those de-
rived from constant star formation histories. However, a
majority (86%) of our galaxies have very large character-
istic timescales (τ = 5000 Myr), which makes their star
formation histories very similar to a constant one, along
with well-defined ages.
We convert Hα luminosities to SFRs by adopting the
Kennicutt (1998) relation, modified for the Chabrier
2003 IMF. The line luminosities are corrected for dust
attenuation using the Balmer decrement and assuming
the Cardelli et al. (1989) curve (Shivaei et al. 2015b).
Hereafter, we refer to the dust-corrected Hα SFR as
SFRHα,Hβ .
2.4. Mid- and Far-IR fluxes
We perform scaled point-spread function (PSF) pho-
tometry on the Spitzer/MIPS and Herschel/PACS im-
ages in COSMOS, GOODS-N, GOODS-S, and AEGIS
fields from multiple observing programs (PI: M. Dickin-
son; Dickinson & FIDEL Team 2007; Elbaz et al. 2011;
Magnelli et al. 2013). The accuracy of the measured
fluxes is determined by adding simulated sources to the
science images and recovering their fluxes in the same
way as for real sources. Details of the photometry and
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Figure 2. Ratio of the rest-frame 7.7µm luminosities inferred
from the IR templates of Dale & Helou (2002, red) and Rieke et al.
(2009, blue) to those inferred from the Chary & Elbaz (2001) tem-
plates for 299 galaxies with robust redshifts. The 7.7µm luminosi-
ties are derived by fitting 24µm flux densities to the IR templates.
For a majority of galaxies, the systematic bias caused by using dif-
ferent templates is not significant compared to the measurement
uncertainties.
simulations are described in Shivaei et al. (2016). In
brief, we use the IRAC and MIPS priors down to a 3σ
limit for MIPS and PACS images, respectively. A 40
by 40 pixel subimage is made around each target. In
each subimage, the PSFs are scaled to match the prior
objects and the target simultaneously. In this process,
a covariance matrix is defined to determine the robust-
ness of the fit, which is affected by confusion with nearby
sources as described in Reddy et al. (2010). Based on the
total covariance value of the MIPS 24µm fits, we remove
objects that have nearby companions from our analy-
sis. To determine the noise and background level in each
subimage, we fit PSFs to 20 random positions, ensuring
that these positions are more than 1 FWHM away from
any real sources. The average and standard deviation
of the background fluxes are adopted as the background
level and noise in the image, respectively. The typical
measurement uncertainty for 24µm-detected objects is
σ24 ∼ 15%. The majority (∼ 80%) of these 24µm-
detected objects are not detected in 100 and 160µm im-
ages. Out of 406 non-AGN objects without any nearby
sources (see above), 128 of them (32%) are detected at
24µm with S/N > 3, and only 13 (3%) are detected with
S/N > 3 at both 24 and 100µm.
2.5. IR Stacks
Due to the relatively shallow depth of the available
far-IR data, we stack the PACS images to obtain a suf-
ficiently high S/N , so that we can measure average IR
luminosities. We also stack the Spitzer/MIPS 24µm im-
ages because of the high fraction of 24µm-undetected
objects (S/N < 3). In this analysis, all the stacks in-
clude both the detected and undetected objects. The
stacking technique is described below.
We extract 40×40 pixel subimages centered on each
target, and subtract all prior sources brighter than the
detection limit of S/N = 3, using the scaled PSF method
described in Section 2.4. We then combine these resid-
ual images by making an inverse-SFR-weighted average
stack as follows. We normalize each 24µm image by
4its SFRHα,Hβ and divide the sum of the normalized im-
ages by the sum of the weights (i.e., 1/SFR). We adopt
inverse-SFR-weighted average stacks because ultimately
we are interested in investigating the average of f24/SFR
and L7.7/SFR ratios (Section 3.1). As we do not have di-
rect far-IR detections for a majority of our galaxies, we
can not construct inverse-LIR-weighted average stacks.
As a result, we use a 3σ-clipped mean or a median
stack of 24, 100, and 160µm images for the f24/LIR and
L7.7/LIR analyses (Section 3.2). A comparison of these
different stacking methods is presented in Appendix A.
We calculate the stacked flux by performing aperture
photometry on the stacked image. Based on the mea-
sured S/N of various aperture sizes, we adopt a 4-pixel
radius aperture. The amount of light falling outside of
the 4-pixel aperture is calculated using the PSF, and
the fluxes are corrected accordingly. Similar to the PSF
fitting technique, we measure background fluxes in 20
random positions to determine the noise (i.e., the uncer-
tainty in the stacked 24µm flux). There is little variation
in the aperture corrections from field-to-field (. 5%),
which is negligible compared to the measurement errors.
2.6. νLν(7.7µm) and LIR
The k-correction required for converting 24µm flux
densities to rest-frame 7.7µm luminosities is computed
using the Chary & Elbaz (2001, hereafter, CE01) tem-
plates. First, we shift the templates to the redshift of
each object (or median/weighted-average redshift of the
stack), and then convolve the models with the 24µm
filter transmission curve. The best-fit model is deter-
mined through a least-χ2 method and νLν(7.7µm) (L7.7,
in units of L) is extracted from the best-fit model.
To quantify the systematic biases from using different
IR templates, we measure L7.7 from the best-fit Dale &
Helou (2002) and Rieke et al. (2009) models and compare
them with those of CE01 (Figure 2). Adopting the Dale
& Helou (2002) and Rieke et al. (2009) models would sys-
tematically increase the calculated L7.7 by ∼ 0.06 and
∼ 0.10 dex, respectively. For a small fraction (4%) of
galaxies, the Rieke et al. (2009) L7.7 is larger than the
CE01 L7.7 by > 0.3 dex. However, these galaxies do not
have systematically different masses or metallicities com-
pared to that of the rest of the sample. Therefore, their
L7.7 offsets do not affect the mass and metallicity trends
in this study.
Total IR luminosities (LIR, integrated from 8 to
1000µm) are measured from the best-fit CE01 models to
PACS 100 and 160µm stacks. We measure LIR errors by
perturbing the 100 and 160µm flux densities of each stack
by their measurement uncertainties 10,000 times and cal-
culating the 68% confidence intervals from these realiza-
tions. Furthermore, we verify that the best-fit models of
Dale & Helou (2002) alter the inferred IR luminosities by
only ∼ 5%, which is negligible compared to the typical
LIR measurement uncertainties of ∼ 10− 20%.
3. PAH AND ISM PROPERTIES
In this section, we explore variations of the 7.7µm
PAH intensity in different ISM conditions, specifically
with different gas-phase metallicities and ionization pa-
rameters. As a consequence of the correlation between
metallicity and dust, we expect LIR and SFR to correlate
with metallicity such that metal-rich galaxies have higher
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Figure 3. Ratio of 7.7µm luminosity to dust-corrected SFRHα,Hβ
as a function of (a) N2 metallicity, (b) O3N2 metallicity, and (c)
O32 ratio. The O32 gas-phase metallicity (based on calibrations of
Jones et al. 2015) is also displayed in panel (c). The plots show
galaxies that have detections (S/N> 3) in all of the diagnostic emis-
sion lines used in each plot: panel (a) has objects detected in Hα,
Hβ, and [NII] (total of 187 objects), panel (b) has objects detected
in Hα, Hβ, [NII], and [OIII] (172 objects), and objects in panel (c)
are detected in Hα, Hβ, [OIII], and [OII] (171 objects). AGNs and
objects with 24µm nearby neighbors are removed. Small circles
and arrows indicate individual detections and 3σ upper limits for
non-detections at 24µm, respectively. The 24µm detection frac-
tion in each bin is shown in the bottom panels. Red symbols show
galaxies at 1.37 ≤ z ≤ 2.0. The L7.7/SFRHα,Hβ stacks are per-
formed in bins of the quantity on the horizontal axis and include
all the 24µm detected and undetected galaxies in each bin. The
horizontal error bars show the width of the bins. In panel (c), there
are only 8 objects at z < 2, because [OII] is not covered by the
MOSFIRE Y filter at z ≤ 1.6. In panels (a) and (b), solar metal-
licity (12+log(O/H) = 8.69, Asplund et al. 2009) is indicated with
a dashed line. Stack values are listed in Table 1.
5SFRs and LIR. We quantify the PAH emission intensity
by normalizing L7.7 to either SFRHα,Hβ (Section 3.1) or
LIR (Section 3.2).
The fractional contribution of the stellar and dust con-
tinuum from very small grains (VSGs) to the 7.7µm
PAH emission varies in star-forming galaxies. Using
a sample of local starburst galaxies, Engelbracht et al.
(2008) showed that the stellar fractional contribution in
the IRAC 8µm band is 30 to 4% for 12 + log(O/H) ∼
7.4 to 8.7, respectively. Galaxies in our sample have
12+log(O/H) > 8, suggesting a stellar fraction of < 10%.
Moreover, following the redshift evolution of SFR-M∗ re-
lation from z ∼ 0 to 2 (e.g., Whitaker et al. 2014b), our
galaxies have typically higher specific SFRs, and hence
we expect lower stellar contamination in their mid-IR
bands relative to local galaxies of the same stellar mass.
Additionally, spectra of lensed high-redshift galaxies in-
dicate a weak presence of mid-IR continuum (Rigby et al.
2008; Siana et al. 2009; Fadely et al. 2010) and high PAH
emission contribution to the broadband 24µm filter at
z ∼ 2 (Smith et al. 2007). Therefore, we conclude that
the continuum contribution to our L7.7 measurements is
negligible. Future observations with JWST/MIRI will
help to clarify the stellar and dust continuum contri-
bution to the aromatic bands in the spectra of high-
redshift galaxies. Compared to star-forming galaxies,
AGNs typically have fainter PAH emission and a higher
(non-negligible) fractional contribution of thermal and
stellar continuum to the mid-IR emission (Smith et al.
2007). We removed the known AGNs from our sample
(Section 2.1).
3.1. L7.7/SFR and ISM properties
Due to the relatively shallow depth and poor spatial
resolution of the far-IR data, obtaining robust individ-
ual far-IR measurements for a representative number of
galaxies in our sample is not possible. Instead, we rely on
our individual measurements of SFRHα,Hβ (Section 2.3).
It was shown in Shivaei et al. (2016) that SFRHα,Hβ accu-
rately traces SFRs up to ∼ 300 M yr−1, when compared
with those from the IR.
We calculate inverse-SFRHα,Hβ-weighted average
stacks of 24µm images (see Section 2.5) in four bins of
metallicity with a roughly equal number of galaxies in
each bin. The stacked 24µm flux density is converted to
L7.7 using the CE01 IR templates (Section 2.6), and then
divided by the weighted-average SFRHα,Hβ . Dividing
the inverse-SFRHα,Hβ-weighted average L7.7 to weighted
average SFRHα,Hβ is mathematically equivalent to
calculating an average of the L7.7/SFRHα,Hβ ratios in
each bin (Appendix A). Properties of the stacks are
listed in Table 1. Figure 3(a,b) shows L7.7 to SFRHα,Hβ
ratio as a function of N2 and O3N2 metallicities 7
(Section 2.2). The uncertainties in L7.7/SFR ratios
are calculated by adding the L7.7 and SFR fractional
uncertainties in quadrature. There is a clear increase
of L7.7/SFR with increasing metallicity. Considering
the small fraction of 24µm-detected objects in the two
7 Based on a small sample of three galaxies at z ∼ 2, one lensed
galaxy at z = 1.4, and nine z ' 0.2 green pea galaxies, Steidel
et al. (2014) showed that the O3N2 index indicates a slightly bet-
ter agreement with the direct Te measurements of 12 + log(O/H),
relative to those computed using the N2 index.
lowest metallicity bins, it is expected that the average
L7.7/SFRHα,Hβ ratios, which include all the detected
and undetected 24µm objects in the corresponding
bins, will lie below the few individually 24µm-detected
sources. We consider separately the trends for the full
redshift range, and for z > 2 alone. The L7.7/SFR ratio
increases by a factor of ∼ 10 (∼ 15) from the lowest
to the highest metallicity bin in stacks of galaxies at
1.37 ≤ z ≤ 2.61 (2.0 ≤ z ≤ 2.61).
We investigate the potential incompleteness of our
samples due to the requirement of detecting the [NII] and
[OIII] lines for N2 and O3N2 metallicties. The fractions
of galaxies detected in [NII] ([OIII]) for the four bins
of stellar mass indicated in Table 2 are 0.28, 0.56, 0.72,
and 0.93 (0.28, 0.55, 0.68, and 0.83) proceeding from
low to high stellar masses. As expected, more galaxies
with undetected emission lines are missed from the N2
and O3N2 samples as we go to lower masses. However,
in each mass bin, the distributions of the 24µm S/N
and f24 of the detected-line subsamples are very simi-
lar to that of the full sample (including detected and
undetected [NII] and [OIII] lines). Additionally, in Sec-
tion 5.1 we show the L7.7 and LIR stacks in bins of stel-
lar mass regardless of the emission line detection. Both
the L7.7/SFR and L7.7/LIR ratios are suppressed at low
masses, which correspond to low metallicities according
to the mass-metallicity relation (Tremonti et al. 2004).
We conclude that the sample incompleteness at low N2
and O3N2 metallicities is unlikely to be the dominant
factor in driving the L7.7/SFR and L7.7/LIR trends with
metallicity.
Another important trend is the anti-correlation be-
tween the PAH intensity and O32 ratio. O32 is used
as an empirical proxy for ionization parameter, which
is in turn anti-correlated with metallicity (e.g., Pe´rez-
Montero 2014, see also Figure 12 in Sanders et al. 2016a
for the relation of O32 with O3N2 and N2 in MOSDEF).
The weighted-average stacks of 24µm images in the two
highest O32 bins yield non-detections. In addition, ob-
jects with detected and undetected 24µm emission are
distinctly separated towards lower and higher O32, re-
spectively. The fraction of 24µm-undetected objects in-
creases significantly from 38% in the lowest O32 bin (me-
dian O32 = 0.9) to 91% in the highest bin (median O32
= 4.5), while the 24µm non-detection fraction changes
from ∼ 30% at 12 + log(O/H) ∼ 8.6 (8.5) to ∼ 60− 70%
at 12 + log(O/H) ∼ 8.3 (8.2) for N2 (O3N2) metallicities
(refer to the bottom panels in Figure 3). These trends
suggest that the PAH intensity is strongly affected by
the ionization parameter. We will return to this point in
Section 6.
Excluding the 24µm-undetected objects from the anal-
ysis leads to a significantly biased sample. However, to
explore the variations of 24µm-bright sources with O32,
we stack only the 24µm-detected objects in the same
four bins of O32 as before. The results indicate that
the L7.7/SFR ratios of 24µm-bright sources are almost
independent of O32 within the uncertainties (L7.7/SFR
∼ 2.5× 109 L/Myr−1 in all O32 bins.)
The PAH-metallicity correlation found at z ∼ 2 is con-
sistent with the trend observed at z ∼ 0 (Engelbracht
et al. 2005; Draine et al. 2007b; Galliano et al. 2008; Hunt
et al. 2010, among others). In local galaxies, there is a
6paucity of PAH emission at 12+log(O/H) . 8.1−8.2 (En-
gelbracht et al. 2005; Wu et al. 2006; Draine et al. 2007b).
In Figure 3(c) we see the same threshold in the O32 plot
at z ∼ 2: there is a sharp difference in the L7.7/SFRHα,Hβ
ratio below and above O32 ∼ 2, which corresponds to
12 + log(O/H)O32 ∼ 8.2 based on the metallicity cal-
ibrations of Jones et al. (2015). The threshold is at
12 + log(O/H)N2 ∼ 8.5 for the N2 metallicity calibra-
tion. We will discuss this observed threshold in more
detail in Section 6.
Additionally, we examine possible variations of L7.7
to SFRHα,Hβ (and to LIR) ratio in the BPT diagram
([OIII]/Hβ vs. [NII]/Hα; Baldwin et al. 1981), as the
position of galaxies below and above the BPT locus is
known to be sensitive to the hardness of ionizing radi-
ation (Kewley et al. 2013). We use the locus of z ∼ 2
star-forming galaxies in the BPT diagram from Shapley
et al. (2015) and stack 24µm images of galaxies below
and above the locus. Surprisingly, we do not find any
evidence for variation of L7.7 intensity in this parameter
space, as galaxies at z ≥ 2 below and above the BPT
locus have the same L7.7/LIR ratio of 0.20 ± 0.03. It is
not clear why we do not see a significant change of the
PAH intensity across the BPT diagram; it may be due to
the small sample size.
Our results directly show the correlation between the
PAH emission and intensity of the radiation field as
was speculated by Elbaz et al. (2011, hereafter, E11).
In Elbaz et al. (2011), the reduced L8/LIR ratio was
attributed to star formation “compactness” and “star-
burstiness” characterized by the SFR surface density
and specific SFR, respectively. These authors concluded
that the weak PAH emission in compact starbursts com-
pared to their typical star-forming counterparts is a
consequence of an increased radiation field intensity in
these galaxies, which is directly shown by our results
of decreasing PAH intensity with O32. In other words,
based on the assumption of a constant electron density
(as electron density appears to be almost independent
from other galaxy properties in MOSDEF, Sanders et al.
2016a), and the same ionizing spectrum, there is a tight
correspondence between O32 and ionization parameter,
such that increasing O32 reflects a more intense radia-
tion field. This conclusion still holds even if we assume
a different (harder) ionizing spectrum for the higher O32
bins, which would lower the inferred ionization parame-
ter for a given O32 value (see Figure 10 in Sanders et al.
2016a).
3.2. L7.7/LIR and ISM properties
Estimating the total IR luminosity independent of
f24 requires access to longer wavelength IR data. As
mentioned before, in our sample, only very dusty star-
forming galaxies with bright dust continua are detected
in Herschel/PACS at 100 and 160µm bands. Therefore,
we rely on stacks of images to obtain a sufficiently high
S/N to calculate robust IR luminosities.
Figure 4 shows L7.7/LIR stacks in bins of metallicity
and O32. We combine the two lowest metallicity bins
and the two highest O32 bins in Figure 3 and Table 1 to
gain higher S/N in the PACS stacks. The N2 stacks are
adopted only for galaxies at z > 2, because otherwise the
highest N2 metallicity bin is dominated by lower redshift
(z ∼ 1.5) galaxies. In O3N2 and O32 plots, the median
redshifts of all bins are similar and all above z = 2. We
note that there are only 8 galaxies at z < 2 in the O32
sample, as [OII] is not covered by the MOSFIRE Y filter
at z < 1.6 (see Figure 3c). Properties of L7.7/LIR stacks
are listed in Table 2.
To place our analysis in the context of other studies,
we compare our results with E11, Reddy et al. (2012a,
R12), and Wuyts et al. (2008, W08). E11 found that
typical main-sequence galaxies between z = 0 − 2.5 fol-
low a Gaussian distribution of LIR/L8 (νLν(8µm) ≡ L8)
centered at LIR/L8 = 4 (σ = 1.6) with a tail of starburst
galaxies with larger LIR/L8 ratios. The median LIR/L8
ratio of all galaxies in their sample was 4.9+2.9−2.2. Further-
more, the R12 study found LIR/L8 = 7.7±1.6 for a sam-
ple of UV-selected galaxies at 1.5 ≤ z < 2.6 (with mean
redshift of 2.08). R12 attributed their higher LIR/L8 to
redshift evolution and larger IR luminosity surface densi-
ties compared to those of the local galaxies. For a consis-
tent comparison of these ratios with our results, we con-
verted L8/LIR ratios of R12 and E11 to L7.7/LIR ratios.
The E11 and R12 samples have LIR = 5×109−3×1012 L
and 1010 − 5 × 1012 L, respectively. According to the
CE01 templates, νLν at 7.7µm is higher than νLν at
8µm by 29% for a template with LIR = 5× 109 L and
12% for LIR = 5× 1012 L. The average LIR in the R12
and E11 high-z samples is ∼ 2 × 1011 L, which corre-
sponds to a L7.7/L8 ratio of 1.25. Therefore, we adopt
a correction factor of 1.25 to convert the E11 and R12
L8/LIR ratios to L7.7/LIR ratios. The variations of the
L7.7/LIR ratios resulted from adopting other conversion
factors (from 1.12 to 1.29) are well within the reported
1σ measurement uncertainty of L7.7/LIR. After the con-
version, we obtain L7.7/LIR= 0.25
+0.15
−0.11 and 0.16 ± 0.03
for the E11 and R12 studies, respectively. These ratios
and their confidence intervals are shown with lines and
shaded regions in Figure 4. The L7.7/LIR of E11 is con-
sistent with our highest metallicity and lowest O32 stacks.
This is expected as at the same stellar mass, low-redshift
galaxies have typically higher metallicities and less in-
tense ionizing radiation fields. The L7.7/LIR of R12 is
in agreement with our lower metallicity stacks and the
middle O32 stack, as well as with the stacks of the full
sample (yellow stars).
We also compare our results with those of Wuyts et al.
(2008, 2011a). In these studies, the authors derived
an empirical IR template and luminosity-independent
monochromatic conversions from 24µm flux density to
LIR as a function of redshift. We used the median red-
shifts of our three O32 stacks (from the lowest to the
highest bin: z = 2.29, 2.27, and 2.29, Table 2) to adopt
appropriate f24-to-LIR conversions and compare them
with our results in Figure 4(d). The width of the pur-
ple line indicates the range of the W08 f24/LIR ratios
for different redshifts of our three stacks. As expected,
f24/LIR of W08 is consistent with our middle O32 bin as
well as the stack of all objects, but there is discrepancy
with the low and high O32 stacks. The same conclusion
holds for the metallicity stacks. In Section 5, we will
discuss the implications of the inconsistency between the
L7.7-to-LIR conversions of W08, E11, and R12 with our
observed values at low stellar masses.
4. PAH AND AGE
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PAH molecules are thought to form in the outflows of
carbon-rich AGB stars (e.g., Latter 1991; Tielens 2008).
These evolved stars begin enriching the ISM after their
death (at an age of ∼ 400 Myr, Galliano 2011), as op-
posed to core-collapse supernovae explosions, which en-
rich the ISM with dust on short timescales following the
onset of star formation (. 10 Myr). As a result, some
studies suggest that the correlation between the PAH
intensity and metallicity arises because of the delayed
formation of the PAH molecules in chemically young sys-
tems (Dwek 2005; Galliano et al. 2008). Galliano et al.
(2008) modeled the dust production associated with mas-
sive and AGB stars and showed that PAHs are less abun-
dant in young metal-poor systems. To test this scenario,
we investigate the PAH intensity as a function of age in
our sample.
In Figure 5, we show the trend of L7.7/SFR and
L7.7/LIR as a function of age. Ages are derived from the
best-fit SED models (Section 2.3). The PAH intensity is
essentially constant within the errors at ages & 900 Myr,
but both the L7.7/SFR and L7.7/LIR ratios drop signif-
icantly by a factor of ∼ 3 for young galaxies with ages
∼ 300 − 800 Myr. Galaxies with ages . 500 Myr (the
first bin in Figure 5a) have a wide range of metallicities
(12 + log(O/H)O3N2 ∼ 8 − 8.6), although the metallic-
ities are systematically lower (median of 8.2) compared
to that of the whole sample (median of 8.3). To demon-
strate that metallicity can not completely account for the
variation of L7.7/SFRHα,Hβ with age, we randomly draw
galaxies from the old population (with ages > 500 Myr),
such that the subsample has the same metallicity dis-
tribution as that of the young population (with ages
≤ 500 Myr). We stack the 24µm images, and find that
the average L7.7/SFR of the old population subsample is
a factor 3 larger than the average L7.7/SFR of the young
population, although they have the same metallicity dis-
tribution. This indicates that the observed deficit of PAH
emission in young galaxies cannot be fully explained by
low metallicity and high ionization parameter.
5. L7.7 AS A TRACER OF TOTAL IR LUMINOSITY:
IMPLICATIONS FOR HIGH-z STUDIES
As shown in Figures 3 and 4 and discussed in Section 3,
the ratio of rest-frame L7.7 to SFR or LIR strongly de-
pends on metallicity and O32. Figure 6 shows the correla-
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tion between L7.7/LIR and M∗, which likely arises from
the correlation between M∗ and metallicity (Tremonti
et al. 2004) and the anti-correlation between M∗ and
O32 (e.g., Sanders et al. 2016a).
Similar to the 24µm-to-IR conversions of W08, E11,
and R12, luminosity-dependent conversions of Caputi
et al. (2007), Bavouzet et al. (2008), Rigby et al.
(2008), and Reddy et al. (2010) are also only consis-
tent with massive galaxies with M∗ & 1010 M and
LIR & 1011−11.5 L. In the next two sections we will
discuss the implications of this result for high-redshift
studies.
5.1. The SFR-M∗ relation
In Shivaei et al. (2015b) we discussed how SFR-M∗
studies at z ∼ 2 that rely on Hα SFRs predict shallower
log(SFR)-log(M∗) slopes (∼ 0.5 − 0.7, Erb et al. 2006c;
Zahid et al. 2012; Koyama et al. 2013; Atek et al. 2014;
Darvish et al. 2014; Shivaei et al. 2015b), compared to
those that utilize IR SFRs (slope of ∼ 1, Daddi et al.
2007a; Santini et al. 2009; Wuyts et al. 2011b; Reddy
et al. 2012b; Whitaker et al. 2014b). In order to un-
derstand the cause of this discrepancy, in Shivaei et al.
(2016) we compared SFRHα,Hβ with SFRs inferred from
panchromatic SED models that were fit to rest-frame
UV to far-IR photometry. The comparison indicated
that SFRHα,Hβ does not underpredict total SFR even
for the most star-forming and dusty galaxies in our sam-
ple (up to ∼ 300 M yr−1). In this section, we examine
whether the discrepancy in the slope of the SFR-M∗ re-
lation arises from the 24µm-inferred IR SFRs that are
not corrected for the PAH-metallicity effect.
Figure 7 shows SFR in bins of stellar mass for galax-
ies with M∗ ≥ 109.6 M. In Figure 7, orange circles
denote mean SFRHα,Hβ and other symbols are mean
SFRUV added to mean SFRIR, where the latter is de-
rived from various conversions of f24 to LIR adopted
from the literature (diamonds) and from this analysis
(blue stars), which is described as follows. We derive
a mass-dependent conversion of L7.7 to LIR based on
our stacks presented in Figure 6(b,c) and Table 2. The
L7.7/LIR ratio is 0.09, 0.24, and 0.20 for log(M∗/M) =
9.6− 10.0, 10.0− 10.6, and 10.6− 11.6, respectively. We
adopt L7.7/LIR = 0.09 for M∗ < 1010 M and an average
of the two highest mass bins, 0.22, for M∗ ≥ 1010 M8.
The result is shown with blue stars in Figure 7. The dia-
monds in Figure 7 reflect results of the mass-independent
24µm-to-IR conversions of R12, W08, and E11. The
24µm stack below 109.6 M (shaded grey region in Fig-
ure 7) is not robustly detected, owing to the reduced dust
emission at low masses and low SFRs.
The SFRUV +SFRIR derived from the mass-dependent
24µm-to-IR conversion presented in this study is in a
very good agreement with SFRHα,Hβ , particularly con-
sidering that these two SFRs are derived completely in-
dependently from each other. As expected, the other IR
SFRs that are inferred from a single 24µm-to-IR conver-
sion are underestimated for low mass (M∗ < 1010 M)
galaxies. Figure 7 clearly demonstrates how using a sin-
gle 24µm-to-IR conversion can underestimate SFRs at
lower masses and lead to a steeper log(SFR)-log(M∗)
slope compared to that derived in this study. A simple
linear least-squares regression calculation gives a slope
of 1.0 ± 0.1 for the stacks of SFRUV + SFRIR that as-
sume the W08, E11, and R12 conversions and a slope
of 0.7 ± 0.1 for the SFRHα,Hβ and the SFRUV + SFRIR
stacks that adopt our mass-dependent conversion.
The slope of 0.7 found in this study is consistent with
observations at lower redshifts (slope ∼ 0.7 at z ∼ 0.1
and 1, Salim et al. 2007 and Noeske et al. 2007a, respec-
tively), suggesting no evolution in the slope of the SFR-
M∗ relation from z ∼ 0 to 2. Moreover, the increased
SFRUV +SFRIR of the low-mass galaxies estimated from
our mass-dependent 24µm-to-IR conversion, removes ev-
idence for a “flattening” at the high-mass end of the
SFR-M∗ relation, as suggested in some previous studies
(e.g., Whitaker et al. 2014b; Schreiber et al. 2015). How-
ever, it is plausible that the slope of the relation steepens
at masses lower than those accessible in this study – a
mass-independent shallow slope of 0.7 would lead to a
too rapid evolution in the stellar mass function at low
masses (Weinmann et al. 2012; Leja et al. 2015).
Our results indicate that specific SFR (sSFR ≡
8 We express our results in terms of mass dependence so as to
avoid biases that may be introduced by excluding objects with-
out detections of some of the strong lines required to calculate
metallicities. The metallicity dependence of the L7.7/LIR ratios
are reported in Table 2.
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SFR/M∗) is a decreasing function of M∗. If we assume
that the gas and stars occupy the same regions in the
galaxies, then the Schmidt relation (Kennicutt 1998) im-
plies that SFR ∝M1.4gas. Consequently, sSFR is related to
the cold gas fraction defined asMgas/(M∗+Mgas) (Reddy
et al. 2006b). The negative slope of the log(sSFR)-
log(M∗) relation indicates that, as expected, there is a
correspondence between the cold gas fraction and stellar
mass.
There is tension between our results and those from
simulations. According to simulations, the slope of the
SFR-M∗ relation is close to unity and the sSFR is al-
most a constant function of mass (Dutton et al. 2010a;
Dave´ et al. 2011a; Torrey et al. 2014; Kannan et al.
2014; Sparre et al. 2015a, among many others). Further-
more, our analysis shows an increased sSFR at M∗ =
5 × 109 at z ∼ 2 by a factor of 1.8 (log(sSFR/Gyr) =
0.4), compared to the previous sSFR measurements that
used mass-independent 24µm-to-IR conversions. The in-
creased sSFR found here also aggravates the inconsis-
tency between observations and models, where the mod-
els predict lower sSFRs at z ∼ 2 than those reported in
previous studies (Furlong et al. 2015; Sparre et al. 2015a;
Dave´ et al. 2016). From the observational viewpoint, we
showed in Shivaei et al. (2015a) that our MOSDEF Hα-
detected sample is complete down to M∗ = 109.5 M.
Therefore, the shallow slope of 0.7 in this study is im-
mune from the common sample selection biases at low
masses. On the other hand, Dave´ (2008) and Torrey et al.
(2014) demonstrated that changing feedback models in
simulations does not affect the slope of the relation, as it
moves galaxies along the SFR-M∗ relation. More inves-
tigations are needed to resolve these issues and improve
the agreement between simulations and observations.
5.2. Bolometric luminosity density at z ∼ 2
Luminous infrared galaxies (LIRGs) with LIR = 10
11−
1012 L, are known to contribute significantly to the to-
tal IR luminosity density at z ∼ 2 (Reddy et al. 2008;
Rodighiero et al. 2010; Magnelli et al. 2011). Cur-
rent measurements of the IR luminosity density (and
the obscured SFR density) at z ∼ 2 are either based
solely on ultra luminous infrared galaxies (ULIRGs) with
LIR > 10
12 L (e.g., Gruppioni et al. 2013) or have in-
cluded lower IR luminosities by relying on different meth-
ods of converting 24µm flux density to LIR (e.g., Pe´rez-
Gonza´lez et al. 2005; Caputi et al. 2007; Reddy et al.
2008, 2010; Rodighiero et al. 2010; Riguccini et al. 2011).
The most common method uses empirical IR templates
that are calibrated with local galaxies (e.g., CE01, Dale
& Helou 2002, Rieke et al. 2009). These IR templates are
shown to overestimate LIR for ULIRGs at z ∼ 2 (Nordon
et al. 2010; Elbaz et al. 2011; Reddy et al. 2012a). To
overcome this so-called “mid-IR excess,” other 24µm-
to-IR conversions that were calibrated with samples of
high-redshift galaxies were introduced (Bavouzet et al.
2008; Elbaz et al. 2011, among many others). However,
the dependence of L7.7/LIR on metallicity and stellar
mass was neglected in these calibrations. As we showed
in previous sections, these conversions underpredict LIR
at low and moderate masses (M∗ . 1010 M) and IR
10
luminosities (LIR . 1011 L).
The increased LIR of the low and moderately IR lumi-
nous galaxies leads to a higher IR luminosity density at
z ∼ 2. To quantify this effect, we simulate 1000 galax-
ies drawn from the double power law luminosity function
of Magnelli et al. (2011), increase the IR luminosities of
galaxies below LIR = 10
11 L in accordance with the
relations found in this study (as discussed below), bin
the galaxies (we used bins with 0.3 dex width, similar to
Magnelli et al. 2011), and re-fit the bins with the dou-
ble power law function. We use two alternative methods
to include the increased LIR of low-luminosity galaxies.
In the first method, we increase LIR by a factor of 2
for all simulated galaxies with LIR ≤ 1011 L. This as-
sumption is motivated by our finding for the low-mass
galaxies in the previous section (Section 5.1). However,
from our data it is not clear whether LIR of faint IR
galaxies should be increased by a greater factor or an
equal factor compared to that of the moderately IR lu-
minous galaxies. Therefore, as a sanity check we adopt
a second approach, where LIR is increased by a factor
of 2 for galaxies with LIR ≤ 1010 L, and by a factor of
1.5 for those with 1010 < LIR ≤ 1011 L. In both cases,
the number density of IR bins below 1011 L increases
by & 0.3 dex, and the faint-end slope steepens from −0.6
to ∼ −0.7. The increase in the slope is within its 1σ
error of 0.1 (Sanders et al. 2003; Magnelli et al. 2011).
A stronger variation in LIR would cause a steeper faint-
end slope, resulting in a higher fractional contribution of
galaxies with LIR . 1011L to the total IR budget and
obscured SFR density at z ∼ 2 than predicted before
(Caputi et al. 2007; Reddy et al. 2010).
If we assume the same fractional contribution of the
faint and moderately luminous IR galaxies to the bolo-
metric (i.e., IR+UV) luminosity density at z ∼ 2, as
derived in previous studies (∼ 50 − 80%, Caputi et al.
2007; Reddy et al. 2008; Rodighiero et al. 2010), our es-
timate of a factor of ∼ 2 increase in the IR luminosity
of galaxies with LIR . 1011L would increase the IR lu-
minosity density by 30%. Applying the 30% increase to
the IR luminosity density measurement of Reddy et al.
(2008) at z ∼ 2, and converting it to IR SFR den-
sity using the Kennicutt (1998) relation, modified for
a Chabrier (2003) IMF9, yields an IR SFR density of
0.15 M yr−1 Mpc−3. Adding this value to the UV SFR
density measured in the same study (Reddy et al. 2008)
results in a total SFR density of 0.18 M yr−1 Mpc−3 (as-
suming a Chabrier (2003) IMF), which is ∼ 30% higher
than the initial value calculated from the unchanged IR
luminosity density. This finding exacerbates the discrep-
ancy between the stellar mass density at z ∼ 2 measured
from observations and that obtained by integrating the
SFR density over time (Hopkins & Beacom 2006; Madau
& Dickinson 2014).
6. WHY IS PAH INTENSITY CORRELATED WITH
METALLICITY?
The correlation between PAH intensity and metallic-
ity has been observed and studied extensively in the lo-
cal universe (Engelbracht et al. 2005 and Madden et al.
2006 were among the first). Several scenarios have been
9 Assuming a Salpeter (1955) IMF increases the SFR density
values by a factor of ∼ 1.8.
proposed to explain the observed trend, which involve
the production mechanisms of PAH molecules or various
ways of destroying them.
The origin of PAHs in galaxies is not completely under-
stood, but evolved carbon stars are undoubtedly one of
the main sources (Latter 1991; Tielens 2008). The pres-
ence of PAHs in the outflows of carbon-rich AGB stars
is confirmed both in theoretical (Frenklach & Feigel-
son 1989; Cau 2002; Cherchneff 2006) and observational
(Beintema et al. 1996; Boersma et al. 2006) studies. As
a consequence, it is expected that chemically young sys-
tems should have reduced PAH abundances (Dwek 2005;
Galliano et al. 2008). Also, PAH molecules are not as
efficiently produced in low metallicity environments be-
cause fewer carbon atoms are available in the ISM. On
the other hand, PAHs can be destroyed in hostile envi-
ronments such as supernovae shocks (O’Halloran et al.
2006). PAHs can also be effectively destroyed in low-
metallicity environments with hard ionization fields, due
to reduced shielding by dust grains (Madden et al. 2006;
Smith et al. 2007; Hunt et al. 2010). Some authors have
explored the size distribution of PAHs and suggested that
there is a deficit of small PAH molecules at low metal-
licites (Hunt et al. 2010; Sandstrom et al. 2010).
The nature of the PAH-metallicity correlation is likely
a combination of the production and destruction scenar-
ios mentioned above. In our sample of galaxies at z ∼ 2,
we find strong trends between the PAH intensity and
metallicity, O32, and age, in agreement with both the
formation and destruction scenarios. However, the signif-
icant increase in the fraction of undetected 24µm sources
with increasing O32 (from 38% to 91%, Figure 3c) sug-
gests that the destruction of PAHs in intense radiation
fields may be the dominant physical mechanism. The
low PAH emission could also be caused by the absorp-
tion of stellar UV photos by dust in the HII region before
reaching the PAHs in the photodissociation region (PDR,
Peeters et al. 2004). In this case, PAHs exist, but they
are not exposed to the UV photons, and hence, do not
emit in the mid-IR. However, in the case of a substan-
tially dusty HII region, the recombination lines would
also be systematically suppressed, thus resulting in sys-
tematic discrepancies between the UV- and Hα-inferred
SFRs. Such discrepancies are not observed in our sample
(see Reddy et al. 2015; Shivaei et al. 2016). Neverthe-
less, it is not trivial to completely differentiate between
the various scenarios with our current data set.
A potentially important trend observed in Figure 6
is that above M∗ ∼ 1010 the L7.7/LIR (or L7.7/SFR)
reaches an almost constant value. This “flattening” is
also seen in L7.7/LIR below O32 ∼ 2.2 (above 12 +
log(O/H)O32 ∼ 8.2, Figure 3c) and above the age of∼ 900 Myr. We speculate that the observed metallic-
ity (and mass) threshold reflects the point above which
enough dust particles are produced to shield the ionizing
photons and prevent the PAH destruction. This suggests
that the constant value of L7.7/LIR at high metallici-
ties is the “equilibrium” L7.7/LIR ratio. The suppressed
L7.7/LIR at lower metallicities is indicative of preferen-
tial destruction of PAHs in environments with lower dust
opacity, and hence, with harder and more intense radia-
tion fields. The paucity of PAH emission in young galax-
ies can also be attributed to the delayed production of
PAHs by AGB stars and/or to the higher intensity of the
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radiation field in these young systems with high sSFR.
The threshold at 12 + log(O/H)O32 ∼ 8.2 is the same as
the value found by Engelbracht et al. (2005) and close to
the value 8.1 found by Draine et al. (2007b) at z ∼ 0.
7. SUMMARY
We present the first results of investigating variations
of the brightest PAH emission at 7.7µm with metal-
licity and ionizing radiation intensity at high redshift.
For this study, we use the MOSDEF sample of star-
forming galaxies at 1.37 ≤ z ≤ 2.61 that covers a
broad range of metallicities (∼ 0.2−1 Z), stellar masses
(M∗ ∼ 109 − 1011.5M), and SFRs (∼ 1− 200 Myr−1).
We adopt the N2 and O3N2 diagnostics of metallicity,
and use O32 as a proxy for ionization parameter. We
quantify the PAH strength as the ratio of rest-frame
7.7µm luminosity (νLν(7.7µm)), traced by Spitzer/MIPS
24µm, to dust-corrected SFRHα,Hβ and total IR luminos-
ity. The main conclusions are as follows:
1. We find that, in agreement with studies of local
galaxies, the PAH intensity depends strongly on
gas-phase metallicity. The relative strength of L7.7
to SFR decreases by a factor of ∼ 10 from median
metallicities of Z ∼ 0.6 to 0.3 Z.
2. There is a significant anti-correlation between the
PAH intensity and O32. This trend is stronger
than the correlation of PAH with N2 and O3N2,
as the majority of 24µm undetected galaxies have
systematically high O32 ratios. The L7.7/LIR ra-
tio changes from 29% at O32 ∼ 0.9 to 5% at O32
∼ 4. The trends of the PAH strength with O32,
O3N2, and N2 suggest preferential destruction of
PAH molecules in low metallicity environments,
characterized with harder and more intense radia-
tion fields. Additionally, there is a sharp difference
in the PAH intensity above and below O32 ∼ 2
(12 + log(O/H)O32 ∼ 8.2). This threshold is also
observed at z ∼ 0. We speculate that above this
metallicity threshold dust opacity is high enough
that PAHs are no longer preferentially destroyed
by ionizing photons, and hence, the L7.7/LIR ratio
reaches a constant value.
3. For galaxies older than ∼1 Gyr, we do not find
a correlation between age and the PAH intensity.
However, the L7.7/LIR ratios of the youngest quar-
tile of galaxies in our sample (with ages ∼ 50 −
600 Myr) are significantly lower (by a factor of ∼ 3)
than those of galaxies with ages & 900 Myr. The
low PAH intensity in young systems may be an in-
dication of the delayed injection of PAH molecules
to the ISM by carbon-rich AGB stars.
4. As a consequence of the mass-metallicity relation,
we see a strong correlation between the PAH in-
tensity and stellar mass. We show that commonly-
used conversions of L8 (or f24) to LIR at z ∼ 2
are only valid for massive and metal-rich galaxies.
For galaxies with M∗ . 1010M, these conversions
should be applied with caution as they underesti-
mate the LIR and SFR by a factor of ∼ 2.
5. The results of this analysis affect high-redshift
studies that adopt mass (and metallicity) indepen-
dent conversions of 24µm flux density to LIR and
SFR over a large range of masses and metallici-
ties. We show that by using our mass-dependent
conversion of L7.7 to LIR (L7.7/LIR=0.09 and 0.22
for M∗ below and above 1010 M, respectively),
the slope of the SFRUV+IR-M∗ relation decreases
from unity to 0.7. The shallower slope of 0.7 is
in agreement with the independently-derived slope
of the SFRHα,Hβ-M∗ relation. Our results imply a
higher sSFR (by a factor of 1.8) at M∗ . 1010M
compared to the previous IR+UV measurements.
Based on this analysis, sSFR is a decreasing func-
tion of M∗, indicating a mass-dependent cold gas
fraction in galaxies at z ∼ 2. Our results are in-
consistent with the unity slope of the SFR-M∗ rela-
tion derived from simulations, and add to the long-
standing problem of models underestimating the
sSFR at z ∼ 2.
6. Our analysis suggests a higher bolometric luminos-
ity density and SFR density by ∼ 30% at z ∼ 2,
due to a factor of ∼ 2 increase in the IR lumi-
nosity of low and moderately luminous IR galaxies
(LIR . 1011L). This result reinstates the tension
between the measured stellar mass density and the
integral of SFR density at z ∼ 2.
We provide ratios of L7.7-to-SFR and L7.7-to-LIR as
a function of metallicity, O32, stellar mass, and age in
Tables 1 and 2 as a reference to be used for future studies
of galaxies at z ∼ 2.
In the future, with a larger sample of galaxies at
1.37 ≤ z ≤ 2.0, we will study the PAH intensity at differ-
ent redshifts from z ∼ 1.5 to 2.5, as well as incorporating
z ∼ 0 studies to construct a comprehensive picture of
the evolution of PAHs over cosmic time. Moreover, fu-
ture generations of ground- (e.g., TMT and E-ELT) and
space-based (e.g., JWST) telescopes will significantly im-
prove our knowledge about PAH molecules in the distant
universe by extending the redshift range over which we
can observe PAH emission and enabling us to probe a
larger dynamic range of metallicity, O32, age, and stellar
mass.
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A. RATIO OF AVERAGES VERSUS AVERAGE OF RATIOS
Throughout the paper, we stack 24µm images and calculate average SFRHα,Hβ in bins of metallicity, O32, mass,
and age. It is important to note that an average of ratios, i.e. 〈 L7.7SFRHα,Hβ 〉, and a ratio of averages, i.e.
〈L7.7〉
〈SFRHα,Hβ〉 , are
not necessarily equal (e.g., Brown 2011). Our method to compute the average of ratios is as follows.
First, we construct an inverse-SFRHα,Hβ-weighted average of 24µm images:
〈f24〉w =
∑
i
f24,i
ψi∑
i
1
ψi
, (1)
where ψ is SFRHα,Hβ . We need to measure 〈f24〉w so that we can fit 24µm flux densities to the CE01 IR templates
and extract 〈L7.7〉w, as follows. We calculate an inverse-SFRHα,Hβ-weighted average of redshifts (i.e.,
∑
i zi/ψi∑
i 1/ψi
), shift
the IR templates to the weighted-average redshift, and find the best-fit template through a least-χ2 method. 〈L7.7〉w
is extracted from the best-fit model (see Section 2.6). Next, we calculate the weighted average of SFRHα,Hβ :
〈ψ〉w =
∑
i
ψi
ψi∑
i
1
ψi
=
N∑
i
1
ψi
, (2)
where N is the total number of galaxies contributing to the stack. The ratio of 〈L7.7〉w to 〈ψ〉w is mathematically
equivalent to calculating the average of L7.7/ψ ratios (〈L7.7/ψ〉):
〈L7.7〉w
〈ψ〉w =
∑
i
L7.7,i
ψi∑
i
1
ψi
×
∑
i
1
ψi
N
=
∑
i
L7.7,i
ψi
N
=
〈L7.7
ψ
〉
. (3)
The L7.7/SFRHα,Hβ plots throughout the paper (e.g., Figure 3) and the corresponding values in Table 1 are derived
according to Equation 3. In Figure 8, we repeat the analyses using the ratios of averages, 〈L7.7〉/〈SFRHα,Hβ〉, by
simply dividing the L7.7 average stacks by the 3σ-clipped averages of SFRHα,Hβ . For our sample, the ratio of averages
and the average of ratios yield very similar results. The trends between the PAH intensity with metallicity, O32, mass,
and age are present regardless of the method adopted. Values of the L7.7 stacks and the SFRHα,Hβ 3σ-clipped averages
are also reported in Table 1.
As we do not have individual detections of objects in the PACS images, we cannot directly measure individual IR
luminosities. As a result, we adopt a ratio of averages, i.e. 〈L7.7〉/〈LIR〉. As we demonstrated above with SFRHα,Hβ ,
adopting this method is likely to yield similar results to computing the average of ratios. If anything, we speculate that
〈L7.7/LIR〉 would result in a more significant trend between the PAH intensity and metallicity, compared to that of
the 〈L7.7〉/〈LIR〉. This speculation is based on the fact that in the weighted average method, the low (or undetected)
24µm images are up-weighted, as they tend to have low SFRHα,Hβ (high 1/ψ), and hence, in low metallicity bins the
average of L7.7/LIR ratios would be even lower than the ratio of averages.
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Figure 8. Ratio of L7.7 to SFRHα,Hβ for individual galaxies (small circles and arrows) and for average stacks of L7.7 to 3σ-clipped
averages of SFRHα,Hβ (hexagons and arrows) as a function of (a) N2 metallicity, (b) O3N2 metallicity, (c) O32, (d) age, and (e) mass.
Note that in these plots the orange symbols are ratios of average quantities (refer to Appendix A). The stacks and averages are in bins of
the quantity on the horizontal axis.
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Table 1
Properties of L7.7/SFRHα,Hβ stacks
Parameter Parameter Range N z˜ 〈f24〉 [µJy] 〈L7.7〉 [109 L] 〈SFRHα,Hβ〉 [M yr−1] 〈L7.7/SFRHα,Hβ〉 [108 L/M yr−1]
12 + log(O/H)N2 8.04− 8.37 45 2.22 16.4± 0.8 31.9± 1.5 37± 3 6± 1
(Ntot = 185) 8.38− 8.48 47 2.23 13.8± 0.8 27.2± 1.5 30± 4 5± 2
8.48− 8.56 47 2.21 39.9± 0.9 74.6± 1.6 37± 4 29± 11
8.56− 8.73 46 2.17 52.0± 0.9 90.2± 1.5 29± 4 41± 15
12 + log(O/H)O3N2 8.03− 8.26 42 2.22 10.8± 0.7 21.2± 1.3 35± 2 2.9± 0.7
(Ntot = 171) 8.27− 8.35 43 2.21 18.8± 0.8 35.9± 1.5 30± 5 7± 3
8.35− 8.44 43 2.26 28.4± 1.0 57.5± 2.1 31± 4 30± 9
8.44− 8.74 43 2.13 52.0± 1.0 86.4± 1.6 39± 5 35± 12
O32 0.23− 1.46 42 2.29 34.4± 1.1 72.7± 2.3 45± 5 26± 8
(Ntot = 170) 1.46− 2.21 43 2.29 17.3± 0.7 36.6± 1.5 26± 4 11± 3
2.22− 3.28 43 2.27 4.7± 0.7 9.9± 1.5 26± 3 4.8*
3.28− 13.52 42 2.29 4.1± 0.6 8.9± 1.2 20± 2 4.4*
log(M∗/M) 9.00− 9.84 98 2.22 0.9± 0.4 2.5* 9± 1 7*
(Ntot = 296) 9.84− 10.04 50 2.29 4.9± 0.6 10.8± 1 19± 2 11± 2
10.04− 10.28 50 2.23 16.0± 0.7 10.8± 1.3 31.3± 1 25± 4
10.29− 10.52 50 2.27 30.3± 0.8 31.3± 1.3 62.2± 2 32± 5
10.53− 11.37 48 2.24 69.5± 1.0 62.2± 1.8 130.9± 2 22± 3
Age [Myr] 71− 453 49 2.27 6.5± 0.5 13.8± 1.1 30± 3 6± 1
(Ntot = 296) 453− 570 50 2.23 9.9± 0.6 19.4± 1.3 24± 2 10± 2
570− 904 50 2.29 12.6± 0.5 26.9± 1.1 17± 2 9± 3
904− 1278 50 2.16 18.1± 0.8 32.4± 1.4 24± 3 27± 11
1278− 2600 49 2.18 22.3± 1.0 41.0± 1.8 20± 3 22± 9
2600− 4250 48 2.24 34.9± 1.3 67.9± 2.5 29± 5 29± 12
Notes. Entries show properties of the stacks shown with orange symbols (1.37 ≤ z ≤ 2.60) in Figures 3 and 6. Each entry includes the parameter
range, number of objects in each stack, median redshift, 24µm stacked flux density and its measurement uncertainty, rest-frame 7.7µm luminosity and
its measurement uncertainty, 3σ-clipped mean SFRHα,Hβ and its error of the mean, and the average of L7.7/SFRHα,Hβ ratios and its error. The latter
should not be confused with the ratio of averages (refer to the text and Appendix A).
* These object are undetected in the 24µm image stacks (before the aperture correction) and the values are 3σ upper limits.
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Table 2
Properties of L7.7/LIR stacks
Parameter Parameter Range N z˜ 〈f24〉 [µJy] 〈f100〉 [µJy] 〈f160〉 [µJy] 〈L7.7〉 [109 L] 〈LIR〉 [1010 L]a 〈L7.7〉/〈LIR〉
12 + log(O/H)N2
b 8.02− 8.47 80 2.27 12.4/pm0.5 59± 30 472± 88 26± 1 12± 3 0.22± 0.05
(Ntot = 160) 8.47− 8.55 40 2.27 27.0± 0.9 347± 41 413± 126 56± 2 25± 4 0.22± 0.03
8.55− 8.72 40 2.30 34.0± 0.9 411± 51 486± 108 72± 2 26± 4 0.28± 0.04
12 + log(O/H)O3N2 7.98− 8.35 86 2.21 11.5± 0.4 199± 30 374± 98 22.3± 0.9 16± 3 0.14± 0.03
(Ntot = 172) 8.35− 8.44 43 2.26 26.6± 0.8 550± 50 454± 109 54± 2 30± 3 0.18± 0.02
8.44− 8.74 43 2.13 46.3± 0.9 616± 54 875± 110 77± 2 33± 3 0.24± 0.02
O32 0.25− 1.46 42 2.29 37.6± 0.8 329± 42 607± 105 79± 2 27± 3 0.29± 0.04
(Ntot = 171) 1.46− 2.71 65 2.27 10.8± 0.5 52± 36 441± 101 23± 1 11± 3 0.21± 0.06
2.71− 18.71 64 2.29 3.7± 0.4 286± 40 209± 81 8± 1 15± 2 0.05± 0.01
log(M∗/M) 8.26− 9.6 92 2.15 −3.2± 0.4 −125± 27 −281± 101 2.2* 8.9* –
(Ntot = 476) 9.6− 10 137 2.20 4.7± 0.4 127± 27 247± 61 9.0± 0.7 10± 1 0.09± 0.02
10− 10.6 173 2.19 21.3± 0.5 261± 22 306± 63 39.5± 0.9 16± 2 0.24± 0.02
10.6− 11.6 74 2.19 69.4± 0.9 854± 38 1625± 102 121.7± 1.6 62± 3 0.20± 0.01
Age [Myr] 71− 570 100 2.26 7.6± 0.4 172± 31 515± 84 15.8± 0.9 17± 3 0.09± 0.02
(Ntot = 299) 570− 1278 100 2.22 15.8± 0.5 291± 36 −166± 97 30.8± 1.0 10± 3 0.31± 0.11
1278− 2600 50 2.18 22.3± 1.0 318± 44 −88± 148 41.0± 1.8 15± 4 0.27± 0.07
2600− 4250 49 2.23 34.3± 1.3 263± 55 793± 131 65.8± 2.5 25± 5 0.26± 0.06
Notes. Entries show properties of stacks in Figures 4 and 6. Each entry includes the parameter range, number of objects in each bin, median redshift,
24µm, 100µm, and 160µm stacked flux densities and their measurement uncertainties, rest-frame 7.7µm luminosity and its measurement uncertainty,
LIR and its uncertainty, and ratio of stacked L7.7 to stacked LIR and its error.
* Stacks are undetected in 24µm, 100µm, and 160µm, and hence, L7.7 and LIR are 3σ upper limits. L7.7/LIR is meaningless in this case.
a LIR is derived from f100 and f160 fit to CE01 templates. Its error is the standard deviation of 10,000 LIR realizations that are calculated by fitting
IR templates to the perturbed f100 and f160. If both f100 and f160 are undetected we used upper limits, but if only one is undetected we used the
flux and its error to find the best-fit model and the associated LIR.
b N2 stacks are limited to objects at 2.0 ≤ z ≤ 2.6, because otherwise the highest metallicity bin is dominated by low-z galaxies with zˆ ∼ 1.6. The
rest of the stacks (O3N2, O32, M∗) include all objects at 1.37 ≤ z ≤ 2.60. The median redshifts in these bins are consistent and are above 2. We
should note that O32 sample has only 8 galaxies with z < 2.0.
